Growth, ion composition, and stomatal conductance of peas exposed to salinity Abstract: Availability of irrigation water of appropriate quality is becoming critical in many regions. Excess salt in irrigation water represents a risk for crop yield, crop quality, and soil properties. During the short vegetation period, field peas require high amounts of water, and irrigation is often indispensable for successful production. Steady presence of NaCl (0.1, 0.2, 0.6 or 1.2 g NaCl L -1 in ½ strength Hoagland nutrient solution) under semi-controlled conditions reduced growth and resulted in shorter vegetation. Disturbances in the peas' water regime were provoked by NaCl, as water content in pea tissues was reduced and stomatal density and stomatal diffusive resistance increased in the presence of higher NaCl concentrations. Concentration of Na + increased in all pea tissues with increased NaCl concentration in the nutrient medium. In the presence of NaCl, concentrations of K + , Ca 2+ and P i increased in roots, stems and leaves, and decreased and in pods and grains. Concentration ratios Na )/Ca 2+ in various plant parts were affected as well, but magnitudes of changes were variable. Continuous presence of NaCl in concentrations frequently met in irrigation waters significantly reduced pea growth, impaired the water regime, and altered plant chemical composition.
, Ca 2+ and P i increased in roots, stems and leaves, and decreased and in pods and grains. Concentration ratios Na )/Ca 2+ in various plant parts were affected as well, but magnitudes of changes were variable. Continuous presence of NaCl in concentrations frequently met in irrigation waters significantly reduced pea growth, impaired the water regime, and altered plant chemical composition.
Introduction
The sodium ion (Na + ) is generally regarded as a beneficial element for plant metabolism, because only a few plant species cannot complete their life cycle without it, like some euchalophytes and C4 plants. For most species, including peas, Na + is not essential in any sense [1] . However, pea production requires high amounts of water during the short vegetation period, and irrigation is often required. At the same time, lack of water is a growing problem, and quality of water, loaded with pollution, further limits the application of irrigation. According to the most common classifications of the water sources and pumping stations [2] , estimated usability of this water in Vojvodina, the most important agricultural region in Serbia, is of the class C4S3-C3S2 or IVb (water not suitable for irrigation). Preliminary field analyses were initiated because in Vojvodina, water that is used for irrigation has a Na + concentration between 0.201 and 0.578 g L -1 , with EC=1173-3140 µS cm -1 . On average, field peas are irrigated with 55 mm of water during vegetation. Analyses of peas produced in such conditions showed that the dry mass declined and concentrations of Na + , K + and Ca 2+ in various plant parts significantly changed [3] .
Chloride ions are taken up easily by plants, and their mobility in short-and long-distance transport is high. Average content in plants is 2-20 mg g -1 DW, and optimal content is 0.2-0.4 mg g -1 DW. Cl -can affect plant growth directly by influencing photosynthesis, as it is required for the reactions of photosystem II, and indirectly, via stomatal regulation [4] . In addition, chloride also has an important function in osmoregulation at different levels and it plays an essential role in stomatal regulation. Opening and closure of stomata is mediated by fluxes of potassium and accompanying anions such as chloride and malate [5] .
On a worldwide basis, the problem of chlorine toxicity is much greater than that of chlorine deficiency. On average, concentrations of chloride in the external solution of more than 20 mM can lead to toxicity in sensitive plant species, whereas in tolerant species the concentration can be four to five times higher without reducing growth [4] . In the present paper, the two highest NaCl concentrations applied to peas were 25.1 and 50.02 mmol NaCl L -1 . Symptoms of chloride toxicity that occur in the absence of sodium are also similar to symptoms of salt toxicity that occur when chloride is accompanied by sodium [6] . The concentration at which Cl -becomes toxic is probably in the same range as that for Na + [7] . Excessive concentrations of soluble salts in the soil or nutrient solution affect plant metabolism in many ways [8, 9] . It reduces water potential of the soil solution, thus forcing plants to adjust their tissues osmotically to be able to keep tissue water potential lower than that of the soil. This process leads to an increase in the salt concentration in the cells, which can result in salt toxicity. Adaptation of plants to high levels of sodium salts can be achieved in two very different ways. Plants can either exclude salts from the interior of their cells, or include salts within the leaf cells but at the same time sequester them in the vacuoles. The result of this adaptation process is maintenance of cytoplasmic salt concentration at a relatively low level [10] . Ion selectivity enables the plant to control uptake of toxic ions like Na + and Cl -and their accumulation in the cytoplasm [11] . Plants do this either through "strict ion regulation" to keep the Na + and Cl -out of the transpiration stream and subsequently the cytoplasm of the aerial parts of the plants [12] , or through ion discrimination, enabling the plant to discriminate between chemically similar ions such as Na + and K + [1] . Common responses of plants to NaCl stress comprise increased concentration of reactive oxygen species (ROS), enhanced activities of antioxidant enzymes, and enhanced synthesis/accumulation of some key metabolites [13] [14] [15] . Osmotic adjustment, an important mechanism of salt tolerance, is achieved through the accumulation of compatible osmolytes in the cell [8, [15] [16] [17] [18] .
There are several strategies that can be applied to improve salt tolerance of plants growing in saline soils. These include (i) presowing seed treatment (osmo-, halo-, hydro-, thermo-, and hormone-priming), (ii) exogenous application of osmolytes, osmoprotectants, and plant growth regulators to plants that under salt stress, and (iii) the use of plant selection and breeding [19] .
In field experiments, the severity of major abiotic stresses such as salinity, drought, heat, frost, chilling, waterlogging, and mineral toxicity is unpredictable. Therefore, field trials are increasingly supplemented with controlled-environment physiological screening and adaptability and productivity testing of coolseason food legumes such as peas [20] . To gain clearer insight into changes provoked by the steady presence of Na + on pea growth, yield, water regime and chemical composition, an experiment was set up under semi-controlled conditions of a glasshouse and Na + concentrations applied were similar to those occurring in available irrigation water.
Another effect of excessive salt is that high concentration of salts can impair the uptake of the other nutrients, such as K + , Ca 2+ and P i , and change their cation ratios. There are data on the effect of NaCl on pea growth and some of their physiological features [21] [22] [23] [24] [25] , but Na + concentrations in the nutrient solution are reported to be rather high. Therefore, the aim of this study was to assess, under semi-controlled conditions, the effect of the continuous presence of different Na + concentrations similar to those present in irrigation waters on pea biomass production and yield, water content, stomatal density and conductivity, and concentrations of Na 
Experimental Procedures
Pea (Pisum sativum L.) seeds (cultivar Skinado, the Netherlands) were imbibed for 2h in deionized water before sowing. Germination was done in sterile quartz sand, in an incubator, in the dark, at 26°C. Six days after germination, seedlings were divided into five planted groups. Plants were grown on ½ strength Hoagland nutrient solution [26] to which was added either 0 (control), 0. When grown in the field, cultivar Skinado, under our agroecological conditions, has 75 day long vegetation from emergence. The time from sowing to emergence is usually 6-7 day under favorable conditions and 10-25 day under unfavorable conditions. Flowering usually begins 54-60 days after sowing (35-45 days after emergence). The first fruit-bearing shoots occur on the 14 th interstice. As this experiment was performed under glasshouse conditions and in water cultures, we expected differences in the length of particular growth phases as compared to the field conditions. As plants very often react to salt stress by shortening the growth stages, thus reducing harmful effects on important phases, we compared differences in the length of growth since the transfer of seedlings to pots until the beginning of flowering and pod formation between control and NaCl-treated plants. Nutrient solutions were aerated daily and replaced every other day. At the end of vegetation (14 days after the beginning of flowering), the analyses were performed.
For light microscopy observations, 10 replications of leaf epidermal prints were made on fully expanded intact leaves, following the procedure described by [27] .
Stomatal diffusive resistance was determined on fully expanded intact leaves using a porometer (Steady State porometer, LI-1600, LI-COR Inc., Lincoln, Nebraska, USA) on adaxial and abaxial leaf epidermis, with 20 replications each. Internodes were counted on 25 plants and pods on each plant. Roots, stems, leaves, pods, and seeds were separated and analyzed. Fresh weight was measured at harvest and dry matter mass was determined after desiccation of plant material at 70°C to constant mass. Water content (WC) in pea tissues was calculated based on the fresh weight, as described by [28] : WC = ((fresh weight -dry weight)/fresh weight) x 100. Concentrations of Na + , K + and Ca 2+ were determined by flame photometry, and P i concentration was determined spectrophotometrically by the ammonium vanadatemolybdate method [29] .
Results were statistically processed to assess the significance of interactions between different NaCl concentrations and analyzed parameters. For each replicated response, the interaction organ x NaCl concentration was fitted by ordinary least square regression, modeling the nonlinear response to NaCl by linear splines using the 'R' environment (http:// www.R-project.org) for model estimation, predictions of fit, and confidence intervals, and functions of the contributed packages 'rms' (http://CRAN.R-project.org/ package=rms) and 'ggplot2' [30] , the latter for graphics. Vertical bars in plots represent 95% confidence intervals.
Results

Effect of NaCl on pea growth and stomatal features
Fifteen days after planting and exposure of plants to solutions with different NaCl concentrations, bottom leaves of all variants started to become yellow. Twentyseven days after planting, plants exposed to the highest NaCl concentration (1.2 g NaCl L -1 ) started to flower, and 4 days later (31 days after planting) flowering started in all plants treated with NaCl. In control plants flowering started 33 days after planting, in other words two days later than NaCl treated plants. The first pod appeared on plants grown in the presence of 1.2 g NaCl L -1 , seven days after the beginning of flowering. In all other plants grown in the presence of NaCl and in control plants, the first pods appeared four days later (7 and 5 days since the beginning of flowering, respectively). It is obvious that in the presence of NaCl, the vegetation period was shortened and is inversely related to NaCl concentration in the nutrient solution.
The presence of NaCl during growth reduced the dry weight (DW) of pea plants ( Figure 1 ). This reduction was more severe in the shoots (46%) than in the roots (38%). DW of leaves and shoots were already significantly lower in the presence of 0.1 g NaCl L -1 . Of all the above-ground pea parts, DW of grains was reduced the most, as much as 50.8%. NaCl concentration of 0.2 g NaCl L -1 reduced DW of all pea organs for more than 20%, except for roots, where this reduction was 7% and not statistically significant. Shoot/root ratio decreased up to 21% in the presence of NaCl (Figure 1) . Regardless of the statistical significance of DW reduction in the presence of NaCl, the same declining trend was observed in all pea parts. The declining trend of DW in the presence of NaCl is shown for pod, as individual shoot part, in the fourth segment of Figure 1 .
Water content in the roots was not significantly changed in the presence of NaCl (changes were lower than 1%), while in the shoots it significantly declined in the presence of 0.6 and 1.2 g NaCl L -1 (Figure 2 ). The highest overall change was recorded in leaves, with a reduction of 27% in the presence of 1.2 g NaCl L -1 . NaCl significantly reduced the number of internodes at 0.6 g NaCl L -1 (Figure 3) , which is in accordance with reduction of stem DW (Figure 2) . However, stem DW and number of internodes decreased at 0.2 g NaCl L -1 and 0.6 g NaCl L -1 , respectively. Number of pods was not significantly changed in the presence of NaCl (Figure 3 ).
The amphistomatic lamina has a larger number of stomata on the abaxial side. Number of stomata increased in the presence of NaCl on both abaxial and adaxial sides (Figure 3 ). This increase was significant only in the presence of the highest applied NaCl concentration. Stomatal diffusive resistance significantly increased in the presence of 0.6 g NaCl L -1 (Figure 3 ). concentration in all pea tissues was significantly the highest. Nevertheless, the degree of accumulation was not the same in all tissues. In stems it was the highest with respect to the control (over 30 times higher), and the lowest in grains and pods (5.5 and 5.3 times higher, respectively). Also, significant increases in Na + concentration were recorded in roots and stems at concentrations as low as 0.1 g NaCl L -1 , and in leaves, pods, and grains at 0.6 g NaCl L -1 . Concentration of K + in roots, stems, and leaves decreased (5, 2, and 1.5 times, respectively) and in pods and grains increased (3.8 and 1.5 times, respectively) in the presence of 1.2 g NaCl L -1 (Figure 4 ). Similar to K + , Ca 2+ concentrations dropped in roots, stems, and leaves, and increased in pods and grains in the presence of NaCl (Figure 4) . However, these changes were smaller in comparison with changes in K + concentrations. In the presence of 1.2 g NaCl L -1 , Ca 2+ concentration declined 45% and in stems and approximately 21% in leaves. Ca 2+ concentration increased to a lesser degree than K + concentration in pods (44%) and grains (25%).
Effect of
The concentration of P i declined in roots, stems, and leaves and increased in pods and grains in the presence of NaCl (Figure 4 ). The magnitude of changes was similar to changes in Ca 2+ concentration: concentrations of P i showed decreases from 19% (leaves) to 55% (roots), and increases from 14% (grains) to 26% (pods). NaCl induced changes in ratios between concentrations of analyzed cations in pea tissues ( Figure 5 ). The Na +
/K
+ ratio was considerably increased in roots, stems, and leaves in the presence of 1.2 g NaCl L -1 ( Figure 5 ). In roots it increased nearly 150 times, in stems 75 times, and in leaves 35 times. In pods and grains, changes were much smaller and ranged between 1.3 and 3.7 times compared to controls. In roots and leaves, the Na + /K + ratio increased drastically with an increase in available NaCl concentrations, whereas in stems there were nearly any differences between the effects of 0.1, 0.2 and 0.6 g NaCl L -1 . The Na +
/Ca
2+ ratio increased in the presence of NaCl in all tissues, but to different degrees ( Figure 5 ). In the presence of 1.2 g NaCl L -1 , the Na +
2+ ratio increased in roots, stems, and leaves (53, 43, and 29 times respectively), while in pods and grains changes were much smaller (4.4 times in grains and 4 times in pods).
The K + /Ca 2+ ratio in roots, stems, and leaves declined with increased NaCl, and increased in pods and grains ( Figure 5 ). These changes were, however, much smaller as compared to the ratios of Na The ratio of Na + and K + together over Ca 2+ in all plant parts increased in the presence of 0.6 and 1.2 g NaCl L -1 ( Figure 5 ). This augmentation was the most pronounced in pods (178%), stems (150%), and leaves (131%), while in roots and grains it was less than 100% (81% and 67%, respectively).
Discussion
Pea growth and stomatal features
The continuous presence of NaCl in the nutrient solution, especially in higher concentrations (0.6 and 1.2 mg L -1 ), reduced pea growth and shortened vegetation periods. Salt stress has been reported to cause inhibition of growth and development, and reduction in photosynthesis, respiration, and protein synthesis in sensitive plant species [31] [32] [33] . It was also shown that Na + accumulates particularly in older leaves, thus stimulating their senescence [34] . Depending on the concentration of NaCl, flowering in the present experiment started 4 to 6 days earlier in comparison to the control, whereas pod formation started 7 days after the beginning of flowering in NaCl-treated plants and 5 days after the beginning of flowering in the control. These results are in accordance with those of [35] , who state that in annuals, like peas, salinity affects the formation and viability of reproductive organs, which alters flowering time and hence maturity. However, this is not the result of a salt-specific effect, as the levels of Na + and Cl -present in the reproductive primordia are too low to affect metabolism [35] , and our results on Na + concentration in pods and grains support these findings. Pea root DW declined in the presence of NaCl, but this change was not statistically significant and we obtained similar results for root water content and FW (data not shown). Relatively high NaCl concentrations have previously been shown to have no effect on root mass but affect the overall growth of plants [25] . The distinct reduction in stem and whole shoot and leaf DW at 0.2 and 0.1 g NaCl L -1 , respectively) found in the present study is an important indicator of pea sensitivity to NaCl salinity [36] . Pea plants are very sensitive to salinity, and concentrations higher than 30 mmol NaCl L -1 have been shown to have harmful effects on them [37] . This concentration reduced seedling growth and the rate of 14 CO 2 fixation. In the present study, the reduction in leaf DW was already statistically significant at 0.1 g NaCl L -1 , and this Na + concentration (4.16 mmol L -1 ) is considered as low in the literature [38] . The severe reduction of leaf DW recorded here suggests that the photosynthetic capacity of plants grown in the presence of NaCl is significantly reduced as well. Salinity stress results in the reduction of plant photosynthesis through stomatal and nonstomatal factors, though the latter are not yet fully understood [39, 40] . The decline in photosynthesis in peas in response to increased salinity [37] is explained in part as the result of decreased stomatal conductance, but also of decreased mesophyll conductance, suggesting inhibition of photosynthesis at the biochemical level. The effect of salinity stress on the activities of photosynthetic enzymes might be a secondary effect mediated by the reduced CO 2 partial pressure in the leaves caused by stomatal closure [32, 41, 42] . The shoot/root DW ratio was less changed NaCl (g L in the presence of NaCl as compared to changes in root and shoot DW analyzed separately. This suggests that applied NaCl concentrations reduced pea growth quite proportionally under the present experimental conditions. In general, the presence of NaCl had a greater impact on plant growth than on development. Number of pods was not significantly different between treatments, but the number of internodes was significantly lower at all applied NaCl concentrations. However, although statistically significant, the reduction of the number of internodes in the presence of the highest NaCl concentration (1.2 g NaCl L -1 ) was no greater than 12%, whereas reduction of plant DW ranged between 41% and 51%, with a 42% reduction in stem DW.
Density of stomata was significantly higher in the presence of 1.2 g NaCl L -1 , suggesting that expansion (growth) of epidermal cells, including guard cells, was impaired on both abaxial and adaxial sides of the leaves. Apart from inadequate photosynthesis owing to stomatal closure and consequently limited carbon dioxide uptake under salt stress, NaCl may also inhibit cell division and expansion directly [43] . The number of epidermal cells remains more or less constant, with their size being smaller, resulting in a smaller total leaf area and higher stomatal density. According to [34] , salinity reduces the ability of plant to take up water, and induces metabolic changes identical to those caused by water stress. Some of the anatomical characteristics representing adaptations to water deficit and salinity include a greater number of stomata per unit area, smaller dimensions of stomata, smaller epidermal cells, thicker cuticle, and a greater number of layers of smaller mesophyll cells [34, 44] . Stomatal diffusive resistance, which is an indicator of current stomatal conductivity for gases, significantly increased in plants grown in the presence of 0.6 and 1.2 g NaCl L -1 [45] found that in maize, an increase in stomatal diffusive resistance and reduction of transpiration intensity may be explained by the closure of stomata by increasing the level of ABA in guard cells in the presence of high NaCl concentrations. The hormonal control of stomatal movement was also demonstrated by [37] , who showed that pretreatment of pea seedlings with methyl jasmonate alleviated the inhibitory effect of NaCl. Reduction in stomatal conductivity indicates that pea capacity for transpiration, and hence water uptake, is significantly reduced under our experimental conditions, which may explain reduced growth. The fact that the number of stomata per unit leaf area increased did not have the final positive effect on water uptake in this experiment, since stomatal diffusive resistance increased as well and total leaf biomass decreased in the presence of NaCl. Interactions between cations with respect to uptake and accumulation rates in different plant parts are very complex [46] . In addition, more than 50 plant enzymes require K + as a cofactor, and these are particularly susceptible to high Na + and high Na + /K + ratios [8] . Excessive Na + inhibits the uptake of K + and Ca 2+ in many plant species, such as wheat, cotton and tomato [38, [47] [48] [49] [50] . The reduction in K + concentration observed in pea roots with an increase in NaCl concentration in the nutrient solution can be explained by the antagonism between K + and Na + during the uptake process [38, 47] . Also, NaCl negatively affected K + accumulation in stems and leaves, but an increase in K + concentration in pods and grains suggests that one of mechanisms peas use to reduce the negative effect of excess Na + is accumulation of K + in reproductive organs. Although Na + and K + are chemically similar elements, they have very different roles in plant metabolism. One of the main roles of K + is in generating turgor, which can be partially fulfilled by Na + , but the estimated extent to which Na + can replace K + is very variable in different species [51, 52] . There is evidence that shoot Na + concentrations (altered by spraying Na + onto leaves) can affect the transport of K + to the shoots, or at least leaf K + concentrations [53] . It was shown [54] that cells of higher plants are able to discriminate against Na + . Experiments with pea and oat seedlings revealed that Na + is actively transported outwards, probably at the plasma membrane. However, this remains to be analyzed for adult plant tissues. Na + concentrations in pea stems found in this experiment are higher than the usual Na + concentrations in pea tissues, which, after [55] , vary between 0.01 and 0.04%.
Accumulation and distribution
As usual concentrations of K + and Ca 2+ in pea stems are, after [55] , 2.3-2.5% and 1.7%, respectively, our results point out that K + concentrations were reduced below the expected range only in the presence of high NaCl concentrations, whereas Ca 2+ concentrations were below the expected range in all NaCl treatments.
In the presence of NaCl, P i concentrations in roots, stems, and leaves significantly declined, and in pods and stems were augmented. Nevertheless, measured concentrations were in the range or even slightly higher than average P i concentrations reported by [55] .
Altogether, concentrations of K + , Ca 2+ and P i in pea dry matter are higher than average concentrations in leaves [55] . This can be explained by the differences in growth conditions between water cultures and the field, as values that are available in the literature refer to the field-grown pea.
A high Na + /K + ratio found in roots, stems, and leaves indicates metabolic disorders such as the reduction of protein synthesis and enzyme activities [56] , as well as an increase in membrane permeability [57] . After [58] , elevated K + levels in the presence of NaCl, as was found in pods and grains, act osmotically, preventing Na + influx into those tissues.
The results on pea growth, yield, water relations, and concentration of K . Nevertheless, the effect of irrigation waters and continuously present Na + of the same concentrations cannot be exactly the same because under irrigated field conditions concentration of available Na + varies through time. An additional factor relevant to the field pea is the response of the symbiotic nitrogen-fixing bacteria, Rhizobium leguminosarum, to salinity stress as well as interaction between peas and nitrogen-fixing bacteria under salinity stress [20] .
In conclusion, for the experimental conditions chosen in this work, it was shown that the continuous presence of NaCl in concentrations frequently met in irrigation waters (i) shortened vegetation, especially the period prior to flowering, in proportions inverse to those of available NaCl, (ii) reduced pea growth as expressed as biomass production (particularly of shoots), number of internodes, and increased stomatal density, suggesting that leaf epidermal cell size was reduced as well, (iii) impaired the water regime by increasing stomatal diffusive resistance, (iv) Na + accumulated the most in stems and leaves and the least in pods and grains, and (v) K + , Ca 2+ , and P i concentrations and their ratios were altered, with the changes being much higher in vegetative than in reproductive plant parts. Such conditions of relatively mild salinity, which are likely to occur in agroecosystems, may have a significant impact not only on pea physiology and yield but on soil features as well.
